Spherical and rod like nanocrystalline Nd 2 O 3 phosphors have been prepared by solution combustion and hydrothermal methods respectively. The Powder X-ray diffraction (PXRD) results confirm that hexagonal A-type Nd 2 O 3 has been obtained with calcination at 900
Introduction
Neodymium oxide (Nd 2 O 3 ) is widely used in various applications such as luminescent materials, catalyst for automotive industry, UV absorbent, glass-polishing material and protective coatings [2] [3] [4] . Rare earth sesquoxides exist in three different structural types depending on the ionic radii of the rare earth ion. Those with larger cations form hexagonal (A-type) with seven coordinated polyhedron while those with smaller cations form cubic lattice (C-type) with both seven and six coordinated polyhedron in the ratio of 2:1 [1] .
Literature survey reveals that most of the phosphor materials are produced by high temperature solid state synthesis and having low surface area, large particle size, inhomogeneous, presence of large defects, which are harmful to luminescence [5] . All the above-mentioned problems can be mitigated by the use of wet chemical methods (combustion and hydrothermal). Solution combustion is one of the wet chemical methods, which produces nano sized powder using an exothermic reaction between metal nitrates and an organic fuel. This method has several advantages including process simplicity, high purity and cheap sources; besides the desired product can be prepared in large scale in nanometer size [6] [7] [8] . On the other hand, in hydrothermal synthesis, an aqueous solvent is used as a reaction medium, which is environmentally friendly and the reaction is carried out in a closed system. Powders with different microstructure, morphology and phase composition can be obtained in hydrothermal method by varying parameters such as temperature, pressure, duration of process, concentration of chemical species, concentration of solution and pH of solution [9] [10] [11] . Nano sized Nd 2 O 3 have been prepared by various methods, such as sol-gel [12] , hydrothermal synthesis [13] , micro emulsion [14] , sol-gel auto combustion [15] . Hardly any work has been carried out on solution combustion and hydrothermally prepared Nd 2 O 3 phosphor materials [16] . We report here results of the structure, microscopy and spectroscopy studies on spherical and rods like nanocrystalline • C (combustion synthesis); (c) as-formed (hydrothermal synthesis) and (d) calcinated at 900
• C (hydrothermal synthesis).
phosphors prepared by solution combustion and hydrothermal methods.
Experimental

Synthesis of Nd2O3 nano phosphors
An aqueous solution containing stoichiometric amounts of analar grade neodymium nitrate (Nd(NO3)3) and oxalyl dihydrazide (C2H6N4O2; ODH) fuel were dissolved in a minimum quantity of doubled distilled water in a cylindrical Petri dish of approximate 150 ml capacity. ODH was used as a fuel in the combustion synthesis and it is prepared in our laboratory by the reaction of diethyl oxalate and hydrazine hydrate as described in the literature [17] . The mixture was dispersed well using a magnetic stirrer for about 5 min. A Petri dish containing the heterogeneous mixture was placed in a pre-heated muffle furnace maintained at 400 ± 10
• C. The reaction mixture initially undergoes thermal dehydration followed by ignition with liberation of large gaseous products such as oxides of nitrogen and carbon. Finally, a voluminous and foamy greenish product has been obtained.
Theoretical equation assuming complete combustion of the redox mixture used for the synthesis of Nd2O3 phosphor may be written as:
In the hydrothermal synthesis, Nd2O3 was dissolved in 1:1 HNO3 and heated on a sand bath to obtain a clear solution. The aqueous NaOH (1 N) solution was added drop wise until the pH is adjusted to 11. The solution was transferred in a stainless steel autoclave of about 60 ml capacity and kept in an oven maintained at 200
• C for 24 h. After 24 h the autoclave was taken out from the oven and cooled to room temperature. A white solid product was deposited at the bottom of the autoclave. This white solid product has been collected by filtration, washed with distilled water and alcohol several times and then dried at 80
• C. The final product obtained in both the methods was further heat treated at 900
• C for 3 h and used for characterization.
Instruments used
The powder X-ray diffraction studies have been carried out using Phillips X-ray diffractometer (model PW 3710) with CuK␣ radiation ( = 1.5405Å). The average crystallite size (d) was calculated from the diffraction line width based on Scherer's formula d = 0.9 /ˇcos Â, where is the wavelength of X-rays andˇis the full width at half maximum (FWHM). The surface morphology of the samples has been examined using Scanning electron microscopy (JEOL JSM 840A) by sputtering technique with gold as covering contrast material. Transmission Electron Microscopy (TEM) analysis was performed on a Hitachi H-8100 (accelerating voltage up to 200 kV, LaB6 filament) equipped with EDS (Kevex Sigma TM Quasar, USA). The UV-vis spectra were recorded on a UV-3101 Shimadzu Visible spectrometer. The photoluminescence studies have been were carried out using a Perkin-Elmer LS-55 luminescence spectrophotometer equipped with Xe lamp (excitation wavelength 250 nm). Raman spectroscopic studies were performed on Renishaw In-via Raman spectrometer with 633 nm He-Cd laser and a Leica DMLM optical microscope equipped with 50× objective, thus providing a laser spot of 2 m in diameter. (Fig. 1d) were observed. According to the literature hexagonal neodymium oxide is observed after heat treatment at 900 • C. Fig. 2 shows the Rietveld refinement performed on the combustion synthesized nanocrystalline Nd 2 O 3 heat treated at 900 • C for 3 h. The Rietveld refinement is a method in which the profile intensities obtained from step-scanning measurements of the powders allow to estimating an approximate structural model for the real structure. This was performed with a FULLPROF program [18, 19] . We utilize the pseudo-voigt function in order to fit the several parameters to the data point: one scale factor, one zero shifting, four back ground, three cell parameters, five shape and width of the peaks, one global thermal factor and two asymmetric factors. A typical analysis of the sample is shown in Fig. 2 which presents the experimental and calculated XRD patterns obtained by the refinement of Nd 2 O 3 phase. Fig. 3 shows the packing diagram of Nd 2 O 3 after Rietveld refinement. The refined parameters such as occupancy, atomic functional positions are listed in Table 1 . The fitting parameters (R p , R wp and 2 ) indicate a good agreement between the refined and observed XRD patterns for the A-type Nd 2 O 3 . The refined lattice parameter values a = 3.8312(1)(A 0 ); c = 6.0017(3)(A 0 ) and cell volume 76.29(7)(A 0 ) 3 confirm that the Nd 2 O 3 has a hexagonal structure. Fig. 4 shows the surface morphology of Nd 2 O 3 as formed and heat treated at 900 • C, 3 h powders. The SEM micrograph of the as formed combustion synthesized product shows the particles are foamy, agglomerated, crispy and porous. This porous in nature is typical of combustion synthesized powders due to rapid release of gaseous by-products during combustion synthesis. These porous powders are highly friable which facilitates easy grinding to obtain finer particles [20] . After heat treatment at 900 • C for 3 h, the particles observed to be spherical in shape with smooth surfaces. In hydrothermal method the as formed product shows nano rods with irregular shape having sharp tips. Upon heat treatment at 900 • C for 3 h, rods having uniform thickness, smooth surfaces having length of several tens of micrometers have been obtained. Fig. 5 (a) and (b) shows TEM images of Nd 2 O 3 phosphor synthesized by combustion and hydrothermal methods. In combustion synthesized powders, the particles are spherical in shape and essentially consist of different sizes varying from 20 to 100 nm. These spherical shaped particles are easy to be packed densely so that screen and displays can obtain high definition and these dense packed small particles can prevent the phosphor from aging [21] . In hydrothermal synthesized Nd 2 O 3 the nano rods are dumbbell in shape having sharp tips with open ends (Fig. 5b) . The particle size is found to be in the range 25-90 nm. The selected area electron diffraction patterns (SAED) of the products (Fig. 5c and d) show highly crystalline in nature. The nominal composition of Nd 2 O 3 synthesized by both the methods was studied using energy dispersive X-ray analysis. • C (combustion synthesis); (c) as-formed (hydrothermal synthesis); and (d) calcinated at 900
Results and discussion
• C (hydrothermal synthesis). The band between 1350 and 1500 cm −1 is assigned to the carbonate peaks and these bands are observed in all the spectra, except in calcined sample of hydrothermal product (Fig. 6d) . The small peaks at 598, 625 and 1066-1200 cm −1 (Fig. 6d) represent traces of M-OH present in the hydrothermally derived final product and these are unidentified from PXRD profiles. • C (combustion synthesis); (c) as-formed (hydrothermal synthesis); and (d) calcined at 900
• C (hydrothermal synthesis). [22] . The major peaks in both the samples observed are assigned to F g mode and combination of A g + E g [23, 24] modes. It is observed that in combustion synthesized sample, Raman peaks are broader and shifted to higher wave number side by about 9 nm when compared to hydrothermal synthesized sample. This frequency shift and broadening of Raman peaks might be attributed to decrease in particle size to nanometer scale [25] . Further, it is observed that the number of active Raman modes is less in hydrothermal method when compared to combustion method. This is attributed to different synthesis methods.
The UV-visible absorption spectrum of combustion synthesized Nd 2 O 3 phosphors calcined at 900 • C for 3 h exhibit a broad and prominent absorption band with maximum at ∼250 nm along with weak absorption bands at ∼380, 580, 750 and 810 nm. For hydrothermal synthesized phosphor a sharp and prominent absorption band with a maximum at ∼235 nm along with weak absorption bands at 610, 760 and 816 nm have been observed. The maximum absorption, which can arise due to transition between valence band and conduction band [26] . The weak absorption in the UV-visible region is expected to arise from transitions involving extrinsic states such as surface traps or defect states or impurities [27] . Smaller size particles are found to have high surface to volume ratio. This results in increase of defects distribution on the surface of nanomaterials. Thus the lower is the particle size, nanomaterials exhibit strong and broad absorption bands [28] . In combustion synthesized Nd 2 O 3 the particle size is in nanometer size which results high surface to volume ratio; as a result, an increase of defects distribution on the surface of the nanomaterials. The optical energy band gap (E g ) of combustion and hydrothermal synthesized Nd 2 O 3 were calculated using Tauc relation [29] :
where h is the photon energy and˛is the absorption edge. The absorption co-efficient˛was calculated from the optical absorption spectra. The direct band gap energy can be determined by plotting (˛h ) 2 vs h in the high absorption range followed by extrapolating the linear region of the plots to (˛h ) 2 = 0 and is shown in Fig. 8 for combustion synthesis and for hydrothermal synthesis it is shown in Fig. 9 respectively. The analysis of the present data shows that the plots of (˛h ) 2 against h give linear relation and best fit for Eq. (3) with n = 2. This indicates that allowed direct transitions are responsible for the inter band transitions in Nd 2 O 3 nanocrystalline samples [30] . The optical energy band gap for combustion and hydrothermal Nd 2 O 3 are found to be 5.66 and 5.30 eV respectively. It is observed that optical energy band gap is found to be widened in combustion synthesized samples when compared to hydrothermal method. This is attributed to particle size effect. The nanomaterials have large surface to volume ratio as a result the formation of voids on the surface as well as inside the agglomerated particles. Such voids can cause fundamental absorption in the UV wavelength range [31] . Fig. 10 shows the photoluminescence spectra of (a) combustion and (b) hydrothermal synthesized Nd 2 O 3 phosphors. The PL spectra shows a series of emission bands at ∼326-373 nm (UV), 421-485 nm (blue) and 529-542 nm (green) and 622 nm (red). The broad emission band in the UV region is attributed to the singly ionized oxygen vacancies in Nd 2 O 3 [31] . The broad UV emission can also arise due to radiative recombination of photo-generated hole with an electron occupying the oxygen vacancy [32] . The blue, green and red emissions have been suggested mainly due to the presence of surface defects like Schottky and Frankel exist in the lattice. The UV, blue, green and red emission in the PL spectrum indicates that Nd 2 O 3 nanocrystals are promising materials for high performance optical materials and white light emitting diodes (LED).
Conclusions
A-type Nd 2 O 3 (spherical and rod type) nanocrystalline phosphors have been successfully prepared by solution combustion and hydrothermal methods respectively. By Rietveld refinement the lattice parameters a = 3.8312(1)(Å); c = 6.0017(3) and cell volume 76.29(7)(Å) 3 have been evaluated which confirm that Nd 2 O 3 has a hexagonal structure. In combustion synthesized powders, the particles are spherical in shape and essentially consists of different sizes varying from 20 to 100 nm. In hydrothermal synthesized Nd 2 O 3 the nano rods are dumbbell in shape having sharp tips with open ends. The particle size is found to be in the range 25-90 nm. It is observed that in combustion synthesized phosphor, the Raman peaks are broader and shifted to higher wavelength side by ∼9 nm when compared to hydrothermal method. The frequency shift and broadening of Raman peaks might be attributed to decrease in particle size to nanometer scale. The optical energy band gap in combustion and hydrothermal methods were found to be 5.66 and 5.33 eV respectively. It is observed that the optical band gap is widened in combustion-synthesized materials when compared to hydrothermal method. This is attributed to particle size effect. The PL spectrum shows a series of emission bands at ∼326-373 nm (UV), 421-485 nm (blue), 529-542 nm (green) and 622 nm (red). From the two synthesis methods of Nd 2 O 3 , low-temperature combustion route is safe, simple and rapid for the production of fine and homogeneous powders and useful for large scale production for phosphor in display technology.
